Objective-To determine if any excess of childhood leukaemia and non-Hodgkin's lymphoma was associated with certain striking examples of population mixing in rural Scotland produced by the North Sea oil industry.
Introduction
Evidence has mounted that the incidence of childhood leukaemia can be increased by population mixing, particularly in a rural area.' This implies an increase in contacts between susceptible and infected individuals for some unidentified transmissible agent whose transmission is more likely in areas of low population density where the prevalence of susceptible people tends to be higher than average. A striking example of rural population mixing has been produced in northem Scotland by the North Sea oil industry. The Sullom Voe oil terminal in Shetland, which can handle 70% ofthe United Kingdom's crude oil production, was Europe's largest construction site-moreover it is sited in Britain's remotest region.' Many thousands of men were transported and housed in specially built camps, drawn from places as diverse as the sparsely populated Scottish highlands and the densely populated conurbations of Britain. Similar arrangements applied to the smaller terminal at Flotta in Orkney. In addition, offshore work involves many thousands of men travelling to Aberdeen from all over Britain, to be ferried to installations by helicopter. Few children live close to these work sites (and, obviously, none offshore), but the regular home visits of these workers might occasion indirect exposure of their home communities to any effects of the mixing in those unusual worksites. We therefore studied leukaemia and non-Hodgkin's lymphoma in young people in the rural home areas of workers at Scottish oil terminal and offshore sites.
Methods

OIL INDUSTRY WORKERS
We concentrated on the three largest groups of workers in the oil industry ("oil workers") in northem Scotland in the late 1 970s: construction workers of the oil terminal at Sullom Voe (Shetland); construction workers of the Flotta oil terminal (Orkney); and offshore workers on rigs and platforms. We could not identify all such workers as complete records have not survived and instead used the closest approximations possible-namely, records incorporating home address of all those (more than 17 000) attending the medical centre at the Sullom Voe oil terminal in Shetland during its construction phase (believed to represent a high proportion of all but short stay workers); 3500 construction workers at the Flotta oil terminal in Orkney (incomplete data); and more than 10000 offshore workers, being all those who obtained an offshore survival certificate (required for such work) in Scotland in the period from June 1976 (the earliest date for which records have not been destroyed) to 1980. Substantial sections of the three workforces were covered in this way. For the purposes of this study, the three groups of oil workers have been combined.
Many of these workers lived outside Scotland, particularly in the Tyneside and Teesside areas of England. After eliminating duplication due to men working at more than one site, the postcodes of all Scottish addresses were determined. registrar general's data. (When all sector populations estimated by this method were summed across ages 0-24, the total was 0.56% below the published Scottish figure for 1986.) There was a substantial increase in terminal and offshore activity in 1977-8,7 reaching unprecedented levels shortly afterwards. In terms of their potential effects, the three periods may therefore be seen as pre-mixing, early post-mixing, and later post-mixing. SPECIFIC 
INVESTIGATIONS
The incidence of leukaemia and non-Hodgkin's lymphoma was also investigated with respect to factors that may influence the prevalence of individuals susceptible to infective agents or the intensity of exposure. These include relative isolation, taken as more than 20 km from urban areas8; social class, defined as the proportion of the population in the registrar general's classes I and II; density of children, taken crudely as the number of enumeration districts in a given sector having 100 or more children (postcode sectors are fairly large, and acreages of enumeration districts are not available); and increases from 1971 to 1981 in the numbers of men working away from home in the construction and energy industries ("recent oil impact measure"). This measure of increases in men working away from home is unduly conservative but is the closest possible from census data, being the numbers of men in these industries who were working outside their local govemment district of residence in 1981 minus all men in the construction industry in 1971, expressed as a percentage of economically active men in 1981.
(Details of men working outside their local govemment district in 1971 are not available.) It is relevant that these districts are large, in some cases similar to old counties, and that rural areas contained negligible numbers of oil workers in 1971 when the energy industry was not a census category.
STATISTICS
Significance levels (two sided) for the relative risks were calculated, based on an assumed Poisson distribution. Point* estimates for the relative risks were computed by using the observed to expected ratios in the individual exposure groups. Confidence intervals for these were calculated on the basis of the associated binomial probability.9
Results (6) 2 (1) (17) 15 (7) 3 14 (6) 5(2) 12 (5) 4 5 (2) 5 (2) 9 (4) Rural low and medium oil worker categories 0 3(3) (0) 6 (6) 1 10 (10) 5 (4) 7 (6) 2 9 (9) 9 (8) 6 (5) 3 12 (11) 13 (10) 13 (11) 4 6 (6) 5 (4) 5 (4) All urban categories 0 3 (7) 1 (2) 3 (6) 1 6 (15) 3(5) 6(11) 2 10 (23) 13 (22) 11 (20) 3 6 (12) 10 (16) 6 (11) 4 8 (18) 8 (13) 12 (21) the three periods. Of 18 categories only the rural high oil group in 1979-83, the early post-mixing period, showed a significant excess. This reflects an excess at ages 0-4 (31 observed, expected) and is associated with a significant trend (p<0.01) across the three rural categories, assuming a log linear model (table III) . It is largely due to leukaemia (27 observed, 15-16 expected), mainly acute lymphatic leukaemia. The rural high oil category showed no significant excess in the other two periods in any age group, nor was there any (significant) excess in any period in the rural low or medium groups or any urban group. Incidence was also examined in 1969-73 (data not shown), but as in 1974-8 there was no excess in the rural high oil group. An excess at 0-4 years was present in the high category when the rural oil categories were reconstituted on the basis of ranked prevalence of workers at Sullom Voe only (28 observed, expected; p<O-Ol), at Flotta only (24 observed, expected 16-27; p<0 08), and offshore (29 observed, expected 16-55; p<001) .
When examined by single years of age from 0 to 4 (table IV), the rural high oil category showed excesses below age 1, at age 1, and particularly at age 2, when annual incidence peaked at 38/100 000/year. This peak at age 2 contrasts with that at age 3 (in all three periods) in all urban areas and in the rural low and medium areas, as was found in the rural high oil group in the earlier period, 1974-8. In 1984-8, when incidence at ages 0-4 had declined, the rural high oil group continued to show a peak at age 2. Details of father's occupation in cancer registration and mortality records did not suggest any excess of oil related jobs among the fathers of cases living in rural high oil areas. Moreover, a comparison of the names of all rural oil workers with those of fathers of children with leukaemia or nonHodgkin's lymphoma in 1979-83 (ascertained for another study) produced only a single match.
Incidence in the rural high oil category was examined in more isolated (> 20 km from urban areas) and less isolated sectors, and at higher and lower levels of certain factors, for which the division was made after ranking the sectors on the factor (disregarding isolation) at the point that as closely as possible halved the cumulative expected values at ages 0-14. The increased incidence at ages 0-4 was restricted to postcode sectors more than 20 km from urban areas, where it was greater in sectors of higher social class (table V) . There was also some indication of a higher incidence in sectors with a higher child density measure both at ages 0-4 and 5-24, and at both greater and lower degrees of isolation. In more isolated areas, where increases of construction workers working away from home in the 1 970s (the recent oil impact measure) were greater, there was a higher incidence of leukaemia and non-Hodgkin's lymphoma at ages 5-24 (but not at 0-4) than in remaining areas. When these differences were investigated by this approach using three subgroups of similar size, the recent oil impact measure in more isolated areas showed a significant trend at ages 5-24 (p<0 01; table VI). Social class in more isolated areas showed a slight (but non-significant) trend in both age groups (table VI) . 
LEUKAEMIA
Ages 0-4-Leukaemia in Scottish rural areas showed a peak slightly later than in urban areas, at age 3 instead of age 2. This may be due to the very low population density-below 0 03 per acre; similar (slight) differences between rural and urban areas are well known in certain childhood infectious diseases." In the rural high oil category, where incidence increased significantly in 1979-83 (table II), the peak moved during that period to age 2 as in urban areas, remaining there in 1984-8; in other rural areas it continued to be at age 3. The recent peak at age 2 in the rural high oil category might therefore be seen as an "urbanising" effect. Within this category, incidence at ages 0-4 was greatest in areas of relative isolation and higher social class (table VI) as in another recent study. 8 Here the prevalence of people susceptible to infectious agents would tend to be higher than in urban areas or in adjacent rural areas, which show no excess (tables II and VI).
Ages 5-24-There was no excess of leukaemia and non-Hodgkin's lymphoma at ages 5-24 in the rural high oil category. However, their incidence did show a highly significant trend with increasing oil impact measure among rural high oil sectors (p<0-01; table V). All this is consistent with the absence of any effect of oil work in urban areas (table II) : rural post code sectors already supporting many construction workers (and Highlands Region has one of the highest levels of such workers in Britain) would be expected to be less affected by oil work than similar areas without such earlier "exposure" (that is, those in which the recent impact score was high). Areas with a relatively high density of children also seemed to have a higher incidence ( 
in the populations were used only to rank the sectors (that is, for intemal comparison). When we grouped the sectors approximately into local govemment districts and then ranked them on density of oil workers, this ranking coincided with that based on data for offshore workers in the 1981 census,'4 suggesting that our data was not affected by geographic bias.
The rural high oil category showed broadly similar excesses whether defined on the basis of all oil workers or of those only at Sullom Voe, at Flotta, or offshore. This probably reflects the fact that all such work tended to attract men from similar areas-those that were conveniently situated or with low levels of local employment. The excesses in the analyses of Flotta or offshore may therefore be indirectly due to the effects of Sullom Voe.
The above findings on childhood leukaemia provide further evidence for horizontal transmission of some underlying infection of which leukaemia is a rare response'4"' but made more likely in conditions of heavy exposure to the relevant agent, as in feline leukaemia.' They also suggest that the relevant agent (or agents) can be transmitted among adults, and thence to children, as suggested by other recent work involving occupational settings.34 The excess of leukaemia and non-Hodgkin's lymphoma was not concentrated in the children of oil workers themselves, consistent with this being a community (or "herd") effect. The effects of the oil industry observed in this study are also consistent with long established observations on both experimental and human epidemics which Topley summarised 50 years ago as indicating that outbreaks of many infective diseases can be produced simply by "movements of susceptible and infected hosts in relation to one another, and aggregations or dispersals of human or animal herds."' 0 DOUNREAY-THURSO AREA Among the rural areas with a high proportion of oil workers is the Dounreay-Thurso area, where a recent excess of childhood leukaemia is well known.""'0 The relation of this excess to the present study has a rather complicated history-with the excess near Sellafield, it originally suggested the population mixing hypothesis, but what was then in mind was the mixing connected with the nuclear industry; an analogy with a new town was drawn.' Subsequent studies have supported the hypothesis that population mixing can influence the incidence of childhood leukaemia.'4 At the start of the present study and, indeed, until its analysis stage we did not associate the Dounreay-Thurso area with the oil industry, and finding that it contained a high proportion of oil workers was unexpected.
The 20 year interval between the first influx of nuclear workers in the late 1950s and the cluster of cases near Dounreay beginning in 1979 could not readily be explained since the excesses usually followed fairly quickly on other types of population mixing.14 On the other hand, it would be incorrect to suppose that the first influx of nuclear workers in Thurso did not produce the twofold or greater increase noted in rural new towns: the only two cases at ages 0-14 in the period 1951-67 occurred in the five years following the influx in 1958 (expected 0-41; not significant). The well known excess of leukaemia began around 1979, at the same time as the increases found by this study in rural areas far removed from any nuclear installationbut all affected by population mixing associated with the oil industry. The (second) Dounreay-Thurso excess therefore followed closely on a striking example of population mixing.
Leukaemia
The excess of leukaemia and non-Hodgkin's lymphoma at ages 0-4 in 1979-83 in the area within 25 km of Dounreay was appreciable (8-8-fold) , only six sectors in the,rural high oil category having higher values (from 10-4-fold to 500-fold). The excess at ages 5-24 in this area is particularly noticeable and persistent, continuing up to 1988. The relation with the recent oil impact measure (table VI) has obvious relevance here and also to why all the Thurso cases are in the west of the town, with none in the east: west Thurso is largely composed of nuclear workers not native to the area (locally known as "atomics"), making it until about 10 years ago rather separate from the rest of the town. Compared with sector KW14.8 covering the east part of the town, a smaller proportion of residents in sector KW14.7, which covers the west part, worked in the construction industry in the pre-oil era (table VII) . Indeed, the east part of Thurso has a tradition of "travelling workers"-men regularly working away from home on construction. The availability of work at terminals just to the north led to a much greater increase in construction workers (82% compared with 18%) in the westem sector (KW14.7) than in the eastem sector (KW 14.8), so that by 1981 their levels had become similar. The recent oil impact was therefore greater in the west, which had twice as high a rank as the east (table VII) . Also relevant may be the greater density of children in west Thurso, given the evidence suggesting such an effect (table V) and its importance in epidemics. '0' 19 20 Within the rural high oil category only three (small) sectors more than 20 km from urban areas had a higher rank than west Thurso when the recent oil impact and child density scores were combined.
In contrast, east Thurso (with no cases) may be seen as resembling the urban areas in our study in which the incidence of leukaemia was unaffected by the oil industry. The fewer susceptible people in urban areas would reflect the prior sporadic exposure to the widespread relevant agent, which would make them less vulnerable to an epidemic caused by new and sudden population mixing.
Intensity ofexposure: incomers
The factor that may be decisive in explaining why the oil industry produced in west Thurso so great and prolonged an excess at ages 5-24 is the large number of incomers already associated with the nuclear industry. (An appreciable increase had also occurred in the late 1970s in the numbers of US servicemen and their families in the area.) The 1971 census showed that the relevant postcode sector held almost the highest pro- As mentioned previously, in its unusual level of incomers west Thurso resembles a new town, albeit on a smaller scale. Here, this earlier population mixing would have represented a leukaemogenic influenceand in a part of the town in which shortly afterwards a second and different type of mixing was occasioned by the oil industry. Other evidence has suggested that a double influence operates in the development of leukaemia at ages 5-24, part early, the other late" (possibly analogous to the way that early and persisting pestivirus infection in cattle alters the response to later infection by a different strain). 22 The probable importance of large doses of the relevant agent (from either repeated exposures or particularly heavy exposures) has been emphasised previously in relation to childhood leukaemia.' This is established in feline leukaemia, of which the greatly increased incidence in households with many cats is due mainly to exposure of kittens to large doses of a virus that usually causes merely an immunising infection.23 However, older cats are also at risk if introduced into those special households, but the exposure has usually to be longer. 24 The cases of leukaemia in Thurso at ages 5-24 seem to be analogous, for these occurred later (in 1983-8) than those at ages 0-4 (1980-1).
We cannot test independently the relevance of the high proportion of children not bom locally in the isolated area that is west Thurso since no area within the rural high oil category is known to approach its high level. However, the only area (comprising three adjacent sectors) in this category with a comparable proportion not bom in Scotland (though it is much less isolated) also showed an excess in the period 1979-83 at ages 5-24 (2 cases observed, 0 54 expected).
Previous studies have not investigated the role of population mixing in the Dounreay-Thurso area, though they have shown that the excess of leukaemia and non-Hodgkin's lymphoma there cannot be attributed to paternal nuclear employment or irradiation before the child's conception.25 Furthermore, other evidence weighs strongly against radioactive discharges as the cause. 26 The present findings suggest that the excess is due to the population mixing associated with the oil industry causing an epidemic of the infection, of which childhood leukaemia is an uncommon response. Certain factors specific to the Dounreay-Thurso area would have tended to promote transmission and heavy exposure.
